be euthanatized and necropsied at 24, 48, and 72 hours after administration of castor oil. Four ponies were in the 24-and 72-hour groups, and two ponies were in the 48-hour group. Two ponies were maintained under similar conditions and were euthanatized to obtain control tissues. Animals were stabled on shavings and fed a ration of grass hay and limited amounts of a commercial concentrated ration. Water was available ad libitum, and a salt lick was provided. Ponies were fasted for at least 12 hours prior to dosing. Prior to administration of castor oil, all animals were clinically normal, with no signs ofalimentary tract dysfunction. A catheter was placed aseptically in the jugular vein prior to treatment and maintained there throughout the study interval.
Castor oil was given by nasogastric tube at a dose of 2.5 ml/kg body weight. This dose was selected for reproducibility and manageability based on preliminary experiments that evaluated doses of 1.0-7.0 ml castor oil/kg body weight. Immediately after the administration of castor oil, the nasogastric tube was flushed with 200 ml water. Feed was offered immediately thereafter. Lactated Ringer's solution (5- Twelve ponies (160-250 kg, ages 17 months to 20 years) 35 liters) was administered intravenously when significant were randomly assigned to two treatment groups and one hypovolemia occurred between 36 to 48 hours post-dosing. control group. Before treatment, animals were designated to Serum electrolytes, packed cell volume, total serum protein, 248
and clinical demeanor were evaluated to determine hydration status. Ponies were euthanatized with an intravenous injection of sodium pentobarbitone. Immediately after death, the abdominal wall was incised, gross lesions were evaluated, and intestinal tissues were removed in the following order: cecum, ventral colon, dorsal colon, small colon, ileum, jejunum, duodenum, and stomach. Representative samples were taken based on the pattern of gross lesions. Iflesions were diffusely distributed, samples were taken from a representative area. Iflesions were focal, samples taken included both the lesion and adjacent mucosa. Samples from each intestinal region were immediately immersed in 10% buffered formalin (pH 7.4) at room temperature. Within 30 minutes, I-mm-wide strips of mucosa from the cecum, ventral colon, and dorsal colon were teased from the submucosa and transferred to McDowell's and Trump's fixative (pH 7.3) for examination by transmission and scanning electron microscopy, and the remaining sample was kept in 10% buffered formalin." Samples of mesenteric lymph node, liver, pancreas, spleen, heart, and kidney were collected and fixed in 10%buffered formalin.
Light microscopy
Tissue samples were fixed for at least 48 hours prior to processing. Samples were dehydrated in graded ethanols and embedded in paraffin. Six-micrometer sections were cut and stained with hematoxylin and eosin.
Transmission electron microscopy
Tissues were placed in McDowell's and Trump's fixative (pH 7.3) at room temperature and fixed at 4 C for a minimum of 24 hours. '8 After post-fixation with I% osmium tetroxide in 0.1 M phosphate buffer (pH 7.3), tissues were dehydrated by immersion in graded ethanols. Acetone was used as a transition solvent prior to infiltration and embedment in Spurr's resin. Semithin (0.5 urn) and ultrathin (0.08 fLm) sections were cut. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a Philips 410 LS transmission electron microscope. Samples of cecum, ventral colon, and dorsal colon were examined from each pony.
Scanning electron microscopy
Tissues fixed in McDowell's and Trump's fixative were processed for scanning electron microscopy after locating lesions in adjacent samples by light microscopy. Samples were post-fixed in I% osmium tetroxide in 0.1 M phosphate buffer (pH 7.3), dehydrated, critical point dried, sputter coated with gold-palladium, and examined with a JEOL-35CF scanning electron microscope.
Results

Clinical findings
Details of clinical findings have been described previously." Diarrhea, accompanied by depression, inappetence, colic, and pyrexia were noted within 24 hours of dosing, peaked between 24 and 48 hours, and began to subside by 72 hours.
Gross findings
Gross lesions were consistently most severe in the cecum and ventral colon of ponies euthanatized 24 and 48 hours after castor oil administration. In general, contents in the cecum and ventral colon were abundant and fluid, with a gradual transition toward semisolid consistency in the dorsal colon of all ponies. At 24 hours post-dosing, castor oil comprised less than 10% (volume/volume) ofluminal contents ofthe cecum and ventral colon. Castor oil content decreased markedly by 48 hours post-dosing and was barely detectable 72 hours post-dosing. The mucosa of the distal jejunum, ileum, cecum, and ventral colon at 24 hours post-dosing was diffusely red and sometimes partially covered by fibrin and adherent particles of plant material, whereas at later examination intervals most treated ponies often had only patchy mucosal hyperemia. Generalized hyperemia of the intestinal serosa was present in most treated ponies from all examination intervals. Mucosal and submucosal edema were evident on cut sections of the ileum, cecum, and ventral colon in all treated ponies. Focal acute ulceration and intense mucosal hyperemia of the glandular portion of the stomach were present in three offour ponies 72 hours postdosing. Mesenteric, cecal, and colonic lymph nodes were edematous in most treated ponies. Significant lesions were not detected in other tissues.
Light microscopic findings
Twenty-four hours after treatment, mucosal injury, evident throughout the cecum and ventral colon, consisted ofextensive erosion ofthe superficial epithelium between crypts. In no cases did lesions extend below the superficial lamina propria (Fig. I) . In many areas, the exposed basement membrane was covered by a layer of fibrin that contained aggregates of neutrophils and cellular debris. Occasionally, neutrophils were present between the basement membrane and partially detached enterocytes. Fragmented necrotic debris was sometimes located within macrophages and free within the stroma of the lamina propria. Crypts were lined by epithelial cells that were flattened along the basement membrane and extended to margins ofsuperficial erosions. Venules in the lamina propria immediately beneath erosions were often plugged with pale eosinophilic fibrillar material, later confirmed by transmission electron microscopy examination as fibrin. Other vascular lesions included generalized mucosal venous congestion and submucosal lymphatic dilatation.
Ponies necropsied 48 hours post-dosing had less extensive epithelial erosion between crypts. Flattened epithelial cells extended along the basement membrane and covered areas around necks of crypts ( Fig. 2. ). In the dorsal colon, epithelial erosion was not evident, and epithelial cells in this area were often cuboidal.
The gastrointestinal tract of ponies examined 72 hours after castor oil administration generally lacked erosions. (Fig. 3 ). Continuous columnar epithelium covered the basal lamina, although cell height was slightly less than that in control ponies. One pony had flattened to low columnar epithelium in the dorsal colon and tall columnar epithelium in the ventral colon and cecum. There were 0-3 mitotic figures per crypt in ponies from all treatment groups and from the control group.
Small intestinal lesions in these ponies were chiefly on villi of the jejunum and ileum and were characterized by epithelial erosion along tips, necrosis within the apical lamina propria, and separation ofthe lamina propria from overlying epithelium. At 24 hours postdosing, most villi were affected. The space formed by separation of epithelium from the lamina propria contained deeply eosinophilic globular material and leukocytes ( Fig. 4) . At 48 and 72 hours post-dosing, villi occasionally had collapsed tips, although most were similar to villi from control ponies.
Scanning electron microscopic findings
Mucosal lesions in the cecum and ventral colon reflected those described by light microscopy. Samples of cecum from control ponies had uninterrupted epithelial coverage ofthe basal lamina (Fig. 5 ). Cecum at 24 hours post-dosing had erosions with clumps of sloughed epithelial cells, mucous droplets, and debris above the denuded basal lamina. The sharp border between the exposed basal lamina and intact crypt epithelium was emphasized by the mosaic pattern formed by the borders of adjacent enterocytes within necks of crypts ( Fig. 6 ). By 48 hours post-dosing, enterocytes covered much of the exposed basal lamina (Fig. 7) . Ponies at 72 hours post-dosing had complete epithelial coverage of the basal lamina ( Fig. 8 ).
Transmission electron microscopic findings
Cecum at 24 hours post-dosing was characterized by degenerated superficial enterocytes fully or partially detached from the basal lamina. These cells often formed layers adjacent to crypt openings. Lateral borders of neighboring cells remained attached only at junctional complexes. Between desmosomes, cell membranes were often widely separated, Lesions consistent with cellular injury included distortion ofthe cytoplasmic terminal web, loss of microvilli, expansion of the cytoplasmic matrix with formation of precipitates, and mild swelling of mitochondria with loss of cristae ( Fig. 9 ). The basement membrane remained largely intact, despite loss of surface enterocytes. In contrast, enterocytes immediately within glands had dense cytoplasm, intact mitochondria, distinct microvilli, and cell membranes closely apposed to those of adjacent cells. Venules immediately beneath the surface epithelium were sometimes occluded by fibrin thrombi, a lesion not observed at 48 and 72 hours post-dosing ( Fig. 10) . Edema within the lamina propria, as characterized by fine, granular extracellular precipitate, was present in treated ponies at all examination intervals. By 48 hours post-dosing, cuboidal epithelial cells began to cover the mucosal surface. These cells had sparse, irregular microvilli on broad cytoplasmic protrusions and had abundant free ribosomes, features suggesting rapid epithelial migration ofimmature enterocytes from crypts'> By 72 hours post-dosing, columnar enterocytes covered the entire mucosal surface. Microvilli of these cells were ultrastructurally similar to those seen 48 hours after dosing. Neutrophils were occasionally seen between enterocytes and had phagosomes filled with cellular debris (Fig. 11 ).
Discussion
Acute superficial enterocolitis was consistently produced in ponies following administration of a single dose of castor oil (2.5 mg/kg orally). Within 24 hours ofadministration, castor oil caused superficial mucosal injury in the distal small intestine, cecum, and large colon that was characterized by epithelial erosion, neutrophil infiltration, fibrin exudation, and venous thrombosis. By 48 hours post-dosing, mucosal repair, characterized by flattened, elongated enterocytes covering the basal lamina adjacent to crypts, was underway. Regeneration with columnar epithelium was completed by 72 hours post-dosing.
The mechanism of castor oil-induced intestinal injury and the relationship between altered intestinal function and morphologic lesions have been investi- gated in the hamster and the rabbit.r-!' Intraluminal perfusion of the rabbit colon in vitro with castor oil caused superficial injury that correlated with demonstration of enhanced mucosal permeability." In the perfused hamster small intestine, enterocytes on villous tips had ultrastructural alterations similar to those in cecal and colonic enterocytes of ponies in the present study." Lesions in the small intestine of the hamster were temporally associated with increased secretion of water and sodium ions into the intestinal lumen, sug-gesting that net intestinal secretion may have been directly related to surface epithelial loss. The precise mechanism of castor oil-induced intestinal injury in ponies could not be determined in the present experiment; however, microvilli were severely distorted in cells that remained attached to basement membranes and that otherwise appeared viable. This distortion suggests that injury to apical structures of enterocytes was an early event in the pathogenesis of mucosal injury. In vitro transport studies of these ponies have Fig. 9 . Transmission electron micrograph. Cecum; pony, euthanatized 24 hours after administration of castor oil. An immature enterocyte is characterized by sparse, blunt microvilli, and abundant free ribosomes. Note the expansion of cytoplasmic matrix in terminal web (arrowheads) and formation of intracytoplasmic precipitates (arrow). Bar = I urn. Fig. 10 . Cecum; pony, euthanatized 24 hours after administration of castor oil. Fibrinous thrombus (arrowhead) lies within a superficial mucosal venule. Bar = 2/lm. been reported previously and revealed normal crypt function, defective superficial absorptive function, and increased mucosal permeability." These functional alterations correlated temporally with surface epithelial injury and normalized with castor oil removal and complete epithelial recovery.
The utility of castor oil-induced colitis in ponies as a model for naturally occurring equine erosive enterocolitis is based upon the common occurrence of acute mucosal inflammation and erosion of surface epithelium. In many cases of equine colitis, including acute salmonellosis, colitis X, Potomac horse fever, Clostridium perfringens type A enterotoxemia, and intestinal endotoxemia, early morphologic lesions may include mucosal ulceration or erosion, vascular thrombosis, mucosal and submucosal edema, and mucosal inflammation of varying degree within the cecum, proximal large colon, and distal small intestine. 10.14.21.22.24.25.27 These lesions may enhance net fluid movement into the intestinal lumen by decreasing net solute absorption, increasing mucosal permeability, and stimulating prostaglandin-mediated ion secreticn."-'> Furthermore, disrupted epithelium may allow systemic absorption of endotoxin from intestinal sources.P-" Endotoxemia may contribute to mucosal lesions; intravenous administration of purified endotoxin to ponies has been associated with superficial epithelial erosion and mucosal inflammation in the cecum and ventral colon.> Early mucosal repair, characterized by elongation of crypt enterocytes along the exposed basement membrane, was evident 24 hours after castor oil administration, although resurfacing of the mucosa with columnar epithelium was not completed until 72 hours post-dosing. During early stages of repair, epithelial cells in the necks of cecal and colonic crypts were elongated and appeared to migrate along intact basal laminae until achieving contact with migrating cells of adjacent glands. After establishing a continuous superficial epithelial lining, flat cells with morphologic and ultrastructural features of immature crypt cells were replaced by , or matured into, tall columnar epithelium. The presence of broad, irregularly shaped microvilli and abundant free ribosomes was suggestive of recent migration from crypts. The absence of an appreciable increase in crypt mitotic figures was unexpected. The early regenerative response following castor oil exposure may have relied predominantly on an increase in surface area of existing crypt epithelium rather than crypt hyperplasia to cover the exposed basement membrane. This method of gastrointestinal epithelium repair has been described in experimental systems following acute epithelial injury. 1,3,4,6,8,1 1, 12, 17, 19, 26 However, chronic exposure of the colonic mucosa to castor oil in this case probably stimulated transient crypt epithelial hyperplasia that may have been undetected because ofthe 24-hour interval between successive tissue collections.
The extent of epithelial erosion in the cecum and ventral colon of treated ponies seemed to be directly correlated with the amount of castor oil observed in the lumen at necropsy. Ponies examined 24 hours after dosing had the highest concentrations of castor oil in the lumen and had the most extensive erosions. Decline in castor oil content over the 48-and 72-hour intervals was associated with progressive regeneration of epithelium. Extensive removal of castor oil may have been essential before cells migrating from crypts could have survived.
The distribution of severe lesions within the cecum and proximal large colon reflected unique features of ingesta transit through the equine gastrointestinal tract, whereby fluids pass rapidly from stomach to cecum and to ventral colon, but slowly from ventral colon to dorsal colon.' Delayed passage of castor oil into the dorsal colon could have resulted in prolonged exposure of the cecal and ventral colonic mucosae to the toxic component of castor oil, ricinoleic acid. Furthermore, hypomotility associated with the intestinal fluid sequestration diagnosed clinically in these ponies may have exacerbated lesions by further prolonging exposure of castor oil to intestinal mucosa.
Lesions within the distal jejunum and ileum included collapse of villous tips and separation of injured epithelium from underlying lamina propria. These responses to intestinal injury have been described in the equine jejunum following intestinal ischemia," in the guinea pig small intestine following in vitro exposure to detergent, 19 and in the human small intestine during decreased intestinal vascular perfusion." These morphologic alterations were not attributable to tissue processing or fixation, because villi from untreated ponies were morphologically normal.
Castor oil-induced colitis in ponies is a reproducible, manageable, and noninfectious model of equine erosive enterocolitis. Net intestinal fluid secretion is manifested clinically by diarrhea that coincides with intestinal lesions. By using an exclusively in vivo model, the physiologic effects of colonic epithelial injury, including malabsorption, net intestinal fluid secretion, altered intestinal motility, and systemic endotoxin absorption, are incorporated, a situation not afforded by in vitro systems.
